Retinal ganglion cells (RGCs) are tasked with transmitting all light information from the eye to the retinal recipient areas of the brain. RGCs can be classified into many different types by morphology, gene expression, axonal projections, and functional responses to different light stimuli.
| I N T R O D U C T I O N
There are thousands of neuronal types in the central nervous system (CNS) that have different morphologies, intrinsic properties, and connectivity patterns (Luo, Callaway, & Svoboda, 2008; Masland, 2012; Nelson, Hempel, & Sugino, 2006) . Derived from a common progenitor pool, each neuronal type uses a combination of transcriptional regulation and environmental cues to express a set of genes critical for inclusion into specific circuits. A description of the mechanisms that generate neuronal diversity not only provides insight into circuit formation and function, but also leads to potential gene-based strategies for the regeneration of specific cell types when damaged due to injury or disease.
In the mouse visual system, the retina transforms the visual scene into more than 20 different channels of information, each mediated by a unique type of retinal ganglion cell (RGC) (Baden et al., 2016; Mas-land, 2012) . All RGC types send axonal projections to specific subcortical retinal recipient areas that are responsible for executing reflexive and planned behaviors (Dhande & Huberman, 2014) . For example, OFF and ON type RGCs fire action potentials in response to changes in luminance; other RGC types respond to movement in a specific direction regardless of luminance changes (ON-OFF direction-selective [DS] RGCs). Most OFF, ON, and ON-OFF DS RGCs send axons to the dorsal lateral geniculate nucleus (dorsal-LGN) and superior colliculus (SC), which are known as image-forming areas because of their roles in conscious or reflexive movements. Conversely, the axons of intrinsically photosensitive RGCs (ipRGCs) and ON DS RGCs project to non-imageforming nuclei that regulate eye movements, image stabilization (Dhande et al., 2013) , pupil constriction (Chen, Badea, & Hattar, 2011) , and day-night activity cycles (Cosenza & Moore, 1984; Harrington, Two lines of evidence suggest that RGC type specification is primarily under genetic, rather than environmental control: (a) much of the morphological specificity of RGC types is formed before eye opening, and (b) RGC type-specific morphology and physiology do not dramatically change if retinal activity is perturbed (Anishchenko et al., 2010; Elstrott et al., 2008; Kerschensteiner et al., 2008; Yamagata & Sanes, 1995) . Therefore, a favored working hypothesis used in other neural systems (Tanabe & Jessell, 1996) is that different RGC types express specific sets of transcription factors, which in turn control genes important for type-specific features. We currently lack a good understanding of the control mechanisms that direct each RGC type to express its complement of transcription factors. Neuronal differentiation studies in the mammalian cortex and retina (Cepko, 2014; Franco et al., 2012; Guo et al., 2013) and in Drosophila (Pearson & Doe, 2004) have led to several models. Dedicated RGC progenitors could each give rise to a specific RGC type; alternatively, multipotent progenitors could generate different RGCs during a series of temporal phases (Kang & Reichert, 2015) . Another possibility is that RGC types are generated stochastically after differentiation; in this case, feedback mechanisms would ensure that an appropriate number of each type is generated.
To begin answering these questions, we first sought to identify transcription factors that are expressed in non-overlapping classes in the developing or adult mouse retina. We previously showed that the basic helix-loop-helix transcription factor Islet-2 (Isl2) is expressed in a set of RGCs that selectively project to the contralateral image-forming retinal recipient areas (SC and LGN) and include ON and OFF alpha-RGCs (indicated by expression of SMI-32 antigen) but not ON-OFF DS RGCs (Triplett et al., 2014) . On the other hand, the T-Box transcription factor Tbr2 is expressed in non-overlapping RGC types that project to non-image-forming areas of the brain including the pretectum, suprachiasmatic nucleus, and ventral LGN, and include all melanopsinexpressing ipRGCs (Mao et al., 2014; Sweeney, Tierney, & Feldheim, 2014) .
Here we show that the homeodomain-containing special AT-rich binding proteins 1 and 2 (Satb1 and Satb2) are expressed in overlapping populations of RGCs that show very little overlap with Isl2expressing or Tbr2-expressing RGCs, either in early postnatal or adult mouse retina. We characterize Satb1 and Satb2 expressing RGCs in two ways. One is by using transgenic bacterial artificial chromosome (BAC) lines that express green fluorescent protein (GFP) in defined RGC types to see if Satb1 and/or Satb2 are expressed in ON-OFF DS RGCs; the other is by looking at marker coexpression. We also analyze these three RGC classes (Isl2, Tbr2, and Satb1/Satb2) in terms of gene expression onset, progenitor versus postmitotic RGC expression, and birthdate.
| MATERIALS A ND METHODS

| Mouse lines
Most experiments were performed on Isl2-GFP transgenic reporter mice, genotyped by polymerase chain reaction (PCR) for GFP (Triplett et al., 2014) or using GFP-exciting flashlight and detecting filter glasses to visualize expression in newborn pups (P0-P4) (BlueStar model Bls2, Lexington, MA). C57Bl/6 mice (Charles River, Wilmington, MA) were used for experiments that did not require visualization of Isl2. CB2-GFP, DRD4-GFP, and Cdh3-GFP mice were genotyped as described previously (Huberman et al., 2008 (Huberman et al., , 2009 Osterhout et al., 2011) .
Both male and female mice were used for these experiments, with no differences noted between sexes. Approximately 50 Isl2-GFP, 10 C57 Bl/6, and 20 mice from GFP-labeled lines were used in these experiments. All procedures were performed in accordance with the UCSC Institutional Animal Care and Use Committee.
2.2 | EdU-based cellular birth dating 5-ethynyl-2'deoxyuridine (EdU) is a thymidine analog that integrates into the DNA of dividing cells during replication (Salic & Mitchison, 2008) .
Pregnant dams were injected intraperitoneally (IP) with EdU (Invitrogen/ Thermo Fisher, Waltham, Ma) dissolved in phosphate buffered saline (PBS) (136.9 mM NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , 1.4 mM K 2 PO 4 ) at 50 mg/kg bodyweight. To detect EdU incorporation, we first performed click-chemistry aided staining (Invitrogen/Thermo Fisher, Waltham, Ma) before immunohistochemical detection of other antigens.
| Immunohistochemistry
Postnatal mice were sacrificed and intracardially perfused with ice-cold PBS followed by ice-cold paraformaldehyde (PFA) (pH 7.4, 4% in PBS).
Eyes were dissected out and fixed in 4% PFA in PBS for either 30 min at room temperature or overnight at 4 8C. The retinas were isolated, placed in 30% sucrose in PBS overnight, embedded in Tissue-Tek OCT (Sakura Finetek, Torrance, CA), cryosectioned at 12-25 mm on a CM1520 Cryostat (Leica Microsystems, Buffalo Grove, IL) maintained at 220 to 225 8C, and collected on Superfrost Plus glass slides (Thermo Fisher, Waltham, Ma). In some cases, we first performed click-chemistry aided EdU staining before immunohistochemical detection of antigens (Invitrogen/Thermo Fisher). All immunostained sections were blocked for 1 hr in 5% heat inactivated serum (either horse, goat, or donkey) in PBS 1 0.1% Triton-X100. Primary and secondary antibodies were diluted in this blocking medium, and multiple washes were done with PBS. 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Sigma-Aldrich, St. Louis, MO, D8417) was included in a penultimate PBS rinse at a dilution of 1:2,000 to visualize nuclei. The following primary antibodies were used: 
| Anti-Satb2 (Abcam ab51502)
While advertised as a Satb2 antibody, we learned that this antibody recognizes Satb1 and Satb2 using cortical tissue derived from Satb2 knockout mice (Professor Bin Chen, UCSC). It labels more cells in the RGC layer than the Satb2 antibody described above (Abcam ab34735).
When used for costaining, all of the cells labeled by the ab34735 were also labeled by ab51502, but conversely some cells were only labeled by ab51502. Subsequent staining combining ab51502 with an antibody against Satb1 (SCBT sc-5989) found that all cells labeled by the Satb1 antibody were also labeled by ab51502. From this, we concluded that ab51502 recognizes both Satb1 and Satb2 antigens.
| Anti-Satb1 (Santa Cruz biotech SC-5989)
In Th4 cells, Satb1 siRNA reduces Satb1 protein as measured with this antibody (Ahlfors et al., 2010) .
| Anti-Tbr2 (Millipore AB15894)
As expected, this antibody labels cells in the subventricular zone in embryonic mouse brain (Vasistha et al., 2015) and in the retina displays a pattern identical to that which we previously reported using two another antibody other antibodies against Tbr2 including LS-B6801
and Abcam ab23345 .
| Anti-Tbr2 (Bio LS-B6801 and Abcam ab23345)
The expression pattern of these antibodies corresponds to previous 
| Anti-Brn3a (SCBT sc31984)
In the mouse retina the staining pattern matches reports showing RGC localization in rat and mouse (Ogata, Stradleigh, Partida, & Ishida, 2012) retina with the same antibody , and a different anti-Brn3a antibody (Wang, Fox, & Povlishock, 2013 ).
| Anti-CART (55-102)
While there is normally staining in rat pelvic ganglia, this staining disappears after antibody is preabsorbed with the CART peptide (Dun, Dun, Wong, Yang, & Chang, 2000) . In mouse retina, staining matches previously reported expression patterns (Kay et al., 2011; Sweeney et al., 2014) . In retinal cryosections, CART is expressed by a subset of RGCs and is subcellularly localized to "hat-like" Golgi regions apical to the nuclei.
| Anti-Melanopsin (AB-N38)
In melanopsin knockout mice, this antibody showed no reactivity (Panda et al., 2002) (Berson, Castrucci, & Provencio, 2010) . In mouse retina, it matches previously reported expression patterns (Berson et al., 2010) .
| Anti-SMI32 (SMI-32P)
The expression pattern for this antibody in mouse retina corresponds with previous reports (Straznicky, Vickers, Gabriel, & Costa, 1992) . , 2014) . We initially found that the transcription factor Satb2 is expressed in a subset of non-Isl2-GFP RGCs that also coexpress the transcription factor Brn3a in the adult retina ( Figure 1a ). Brn3a is a transcription factor important for RGC development and is expressed in approximately 80% of RGCs (Badea, Cahill, Ecker, Hattar, & Nathans, 2009; Quina et al., 2005; Sweeney et al., 2014) . Remarkably, when immunostaining with an antibody that recognizes Satb2 and its homologue Satb1, we found that Satb1/2-Satb1-and Satb2 expressing RGCs have very little overlap with Isl2-expressing or Tbr2-expressing RGCs in the mature retina ( Figure 1b , Table 1 ). This non-overlapping pattern of expression for Isl2, Satb2, and Tbr2 is already present at P0 (Figure 1c ).
| Microscopy
Lacking a pan-RGC marker, we were only indirectly able to ask whether each RGC expresses at least one of the three transcription factors. Brn3a is expressed in 80% of adult RGCs but is not expressed in RGCs that express Tbr2, which comprise about 20% of total RGCs (Badea et al., 2009; Quina et al., 2005; Sweeney et al., 2014) . In the adult retina, we find that 98% of RGCs that express Brn3a also express either Isl2 or Satb1/2 (Figure 1d ; n 5 360 Brn3a-expressing cells), and Frequencies of RGCs expressing Isl2, Satb2, or Tbr2 were calculated using 20 lm cryosections from P10 mouse retina. N 5 5 animals/condition, 7 images quantified/animal. In total, 2,631 cells were counted. Cell counts were summed across images for each animal; averages and SD were calculated across animals.
|
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| Satb1 and Satb2 are expressed in overlapping subsets of ON-OFF DS RGCs
Based on the percentage of RGCs that express Satb1 or Satb2, we hypothesized that these were a collection of types that share common features rather than a single RGC type. To test this idea, we (a-j) Sections through P8 eyes from BAC transgenic GFP lines were immunostained with antibodies against Satb1 and Satb2. Anti-GFP antibodies were used to increase signal and sections were treated with DAPI (blue) to visualize cell nuclei. Nearly all DRD4-GFP (92%; n 5 57) and TRHR-GFP (95%; n 5 114) RGCs are labeled by Satb1 and Satb2 (DRD4-GFP 96%; n 5 52 and TRHR-GFP 94%; n 5 50). HB9-GFP RGCs express Satb1 (92%; n 5 51) but not Satb2 (3%; n 5 78) (e, f). Very few CB2-GFP RGCs were labeled by Satb1 (1%; n 5 85) or Satb2 and similarly, very few Cdh3-GFP RGCs expressed Satb1 (1.5%; n 5 66) or Satb2 (1.1%; n 5 85) (g-j). Satb1 (>90%) is also expressed in the HB9-GFP line that labels upward motion DS RGCs (Trenholm, Johnson, Li, Smith, & Awatramani, 2011) while Satb2 is expressed in only 3% of HB9-GFP DS RGCs (Figure 2e (Cepko, Austin, Yang, Alexiades, & Ezzeddine, 1996) . RGCs are among the earliest born; they begin to appear at embryonic day 8 (E8) and are completely generated by E17, with birth rate peaking at E11 (Farah & Easter, 2005; Voinescu, Kay, & Sanes, 2009 Figure 3b .
Isl2 gradually refined into its mature pattern by P0. This refinement correlates with the onset of expression of Satb2 (Figure 3aA6-A10) and Tbr2 (Figure 3aA11-A15) , consistent with Mao et al. (2008) . Even at E16, Isl2, and Tbr2 mark separate RGC populations (Figure 3c ).
In some developmental systems, distinct types of progenitor cells
give rise to progeny that share their marker expression profiles. A striking example of this is that of the Cdh6-expressing RPCs, which give rise mainly to Cdh6-expressing RGCs (and other neuronal cell types) in the retina (De la Huerta, Kim, Voinescu, & Sanes, 2012) . We wanted to determine whether Isl2, Tbr2, or Satb2 expression is restricted to postmitotic RGCs or if these transcription factors can also be found in proliferative RPCs, which might give rise to a limited repertoire of RGCs.
To do this, we labeled dividing cells with a pulse of EdU introduced by IP injection of timed-pregnant dams or neonatal mice, sacrificed the animals 4 hr after EdU injection, and stained the retinas to visualize EdU incorporation and transcription factor expression in retinal sections. Consistent with previous work that showed Isl2 and Tbr2 are not expressed in progenitors (Mao et al., 2008; Pak et al., 2004) , we found no time point at which any of the three transcription factors were expressed in EdU labeled cells in the retina (even outside of the ganglion cell layer), or within the neuroblast layer where the RPCs reside.
This demonstrates that Isl2, Satb2, and Tbr2 are only expressed postmitotically in RGCs (Figure 4a-c) .
3.4 | There is no specific temporal order in generating the Isl2/Satb2/Tbr2 RGC classes Different neuronal cell types are born in successive temporal waves in the mammalian cerebral cortex, spinal cord, and retina (Berry, Rogers, & Eayrs, 1964; Soula et al., 2001 ) (Livesey & Cepko, 2001) . Recently, it was shown that this is also true for some RGC types (Osterhout, El-Danaf, Nguyen, & Huberman, 2014) . To test if the RGC classes defined by Isl2, Satb2, and Tbr2 are born with a temporal order, we used EdU to label dividing cells at several embryonic time points from E9 to E15, spanning the window of RGC genesis. We then euthanized the pups at P10 and calculated the percentage of mature RGCs that express Isl2, Satb2, or Tbr2 and terminally differentiated on a particular day (EdU labeled). We found that RGCs born at each time point examined could express each transcription factor (Figure 5a,b) . Therefore, despite the fact they are first detectable at different developmental points ( Figure   3 ), we find no evidence that Isl2-, Satb2-, or Tbr2-expressing RGCs are biased to be born on a particular day of RGC genesis. However, we (Pak et al., 2004) . In the mature retina, Isl2 is restricted to a population of RGCs with characteristic dendritic stratification in layer S3 of the inner plexiform layer, suggesting that Isl2-expressing RGCs share common functional properties (Triplett et al., 2014) . Expression of Isl2 in known types of transient-OFF and OFF-alpha RGCs (marked by CB2-GFP and SMI-32, respectively) combined with lack of expression in posterior DS RGCs (marked by DRD4-GFP) provide evidence that Isl2-expressing RGCs are primarily contrast-sensitive and non-DS (Triplett et al., 2014) . (Osterhout et al., 2014) , including a comparatively early peak birth date for the RGC types labeled by the Cdh3-GFP mouse line, which make up 9% of the Tbr2-expressing RGCs . Thus, some RGC types within the classes that we propose may show a temporal bias in birth date that is absent at the class level.
Taken together, these data suggest that cell identity emerges gradually in postmitotic RGCs. It could be that expression levels of certain genes activate mutual inhibition and/or positive feedback-like transcriptional programs that solidify cell identity. The transcription factors described here-Isl2, Satb1, Satb2, and Tbr2-may be involved directly in such a process. Several pieces of evidence suggest that they play a role in generating RGC identity. First, their expression patterns are non-overlapping and together, they account for nearly all RGCs; this positions them as potential master regulators of RGC identity. Second, the internal division of these three classes into Brn3a-coexpressing (Satb1, Satb2-expressing, or Isl2-expressing) and Brn3a non-expressing (Tbr2-expressing) is suggestive of their potential to influence expression of other transcription factors. Alternatively, it may be that other genes upstream of these transcription factors are necessary for generating the RGC classes that we describe, and that Isl2, Tbr2, Satb1, and Satb2 are simply markers for these classes. In the future, gain and loss of function experiments will explore the role that these genes play in RGC development.
In glaucoma, a common neurodegenerative disease, patients become blind due to RGC death. Cell replacement therapy, that is, injection of RGCs or RPCs into the glaucoma patient's retina, is an attractive mode of treatment currently under study (Riazifar, Jia, Chen, Lynch, & Huang, 2014; Sluch et al., 2015) . The success of this approach will depend on our collective ability to faithfully generate the endogenous RGC types, each with its own functional role. In other CNS circuits, reprogramming and transdifferentiation experiments have powerfully shown that transcription factor induction is sufficient to generate specific neuronal types (Pfisterer et al., 2011; Yang, Ng, Pang, Sudhof, & Wernig, 2011) . The data presented here comprise one step toward the goal of faithful RGC recapitulation. Future work will examine which, if any, of Isl2, Tbr2, Satb1, and Satb2 are necessary and/or sufficient to drive RGC identity.
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